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Large-scale computer simulations show that two orthogonal external fields can control the
orientation of lamellar microdomains in diblock copolymers in three dimensions and lead to an
enhanced long-range ordering. © 2005 American Institute of Physics. DOI: 10.1063/1.2000231
INTRODUCTION
Long-range ordering of microdomains in block copoly-
mers is a requisite for applications that require spatial defi-
nition of structures in three dimensions. Thin films of block
copolymers with microdomains oriented normal to the sur-
face are increasingly used as templates and scaffolds for
functional nanoscopic materials.1 Many methods have been
developed, such as simple shear and elongational flow fields,
electric fields, surface fields, and solvent flow, to achieve the
desired microdomain orientation.2–9 Recently, Xu et al. in a
set of elegant experiments have shown that the application of
sequential orthogonal flow and electric fields can lead to an
excellent long-range three-dimensional 3D order and a
single orientation of lamellar microdomains.10 Each of the
fields alone is not enough to facilitate such a high degree of
perfection, and is, in particular, in the case of thin films,
often not able to give a desired orientation at all. In the
present paper we investigate this experimental phenomenon
by means of large-scale dynamic self-consistent-field simu-
lations. The systematic variation of field compositions stud-
ied suggests that a field composition, different from the one
used in Ref. 10, can result in an even higher degree of or-
dering. The first simulation of the effect of orthogonal shear
and electric field for a two-dimensional 2D lamellar system
has been reported earlier in Ref. 11. The subject of the
present paper is essentially 3D ordering.
One way to produce well-aligned microdomains textures
by flow fields is, for example, a roll-casting process, which
has proven to be successful in bulk samples.12,13 Shear flow
can promote different orientations of microdomains, depend-
ing on the interplay of several factors such as shear rate,
viscosity, and temperature.14 Due to the nature of the flow,
which is always affected by the various boundaries present in
the system, the resulting microstructure will have defects in
the ordering. However, if one wants to use block copolymer
materials as templates in nanoelectronics, the density of
structural defects should be significantly low, and eventually
zero. A different type of external field used for microstruc-
ture orientation is an electric field. In thin films, electric
fields have been effectively used to achieve orientation of the
microdomains normal to the surface.15,16 However, such
fields are unidirectional, causing a high degree of orientation
along the field lines, but lacking any preferred orientation in
the plane normal to this direction. Consequently, a second
field, orthogonal to this field, is required to achieve mor-
phologies where the microdomain orientation is controlled in
all three dimensions.
Here, we show that a combination of shear flow and an
orthogonal electric field produces an excellent 3D ordering
in a lamellae-forming diblock copolymer melt. The sugges-
tion that a combination of weak shear flow and an electric
field might lead to interesting results for a lamellar system
can already be found in Ref. 17, albeit as a remark without
theoretical analysis.
RESULTS AND DISCUSSION
We employ the dynamic version of the self-consistent-
field theory, which describes the dynamics of microphase
separation in block copolymers modeled as Gaussian chains
in the mean field of all other molecules.18 The phase sepa-
ration can be monitored by the scalar Ir , t, which is the
deviation of the concentration of a polymer block I from its
average value. In the case of an incompressible diblock co-
polymer melt the system is described by only a single . The
time evolution of  in the simplest case follows a diffusion-
type equation,19
̇ = M2 +  , 1
with a constant mobility M, chemical potential , thermal
noise , and a proper choice of the boundary conditions. In
the presence of simple shear flow with velocity x= ̇z , y
=z=0 one can replace Eq. 1 by a diffusion-convection
equation,20
̇ = M2 − ̇zx +  , 2
where ̇ is a constant shear rate. The chemical potential in
the presence of an electric field E has the form =0
−  /TE2 /8,
21 where 0 is the chemical potential in the
absence of the electric field, and  is the dielectric constant
of the polymeric material, which can be approximated as
c+1.
19 Notice that, as  has the dimension of inverse
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volume, c and 1 are of different dimensions. We choose the
applied electric field to be orthogonal to the shear plane in
Eq. 2, E0= 0, 0 , E0. The electric field inside the material
E deviates from the applied electric field E0, satisfying the
Maxwell equation div E=0, where E=E0−. Keeping
only the leading terms, one can rewrite Eq. 2 in the
form11,22
̇ = M20 + 	z
2 − ̇zx +  , 3
where 	M1E02 /4c. The chemical potential without
the electrostatic contribution 0 is calculated in a standard
way using the self-consistent field theory for the ideal Gauss-
ian chains, with the mean-field interactions between copoly-
mer blocks A and B described by a parameter AB.
18
The model system we study in the following is a sym-
metric A4B4-copolymer melt with the mean-field interactions
AB=7 kJ/mol 
N=22.4. The simulations have been per-
formed in a large 3D box xyz=12812832, starting
with a homogeneous mixture. The large scale of the simula-
tion is crucial for the phenomenon under investigation, be-
cause of the influence of the periodic or sheared periodic
boundary conditions on the simulated structure. This bound-
ary condition can induce artificial ordering, especially for
too small box sizes. As our goal is to investigate defects in
the system, the artificial “energy” of boundary conditions
should be small compared to the energy of an individual
defect in the microstructure. It implies that the size of the
simulation box should be sufficiently large when compared
to the characteristic size of a typical lamellar grain. The
main objective in this type of research is to reach a lateral
long-range ordering, which is desirable from a technological
point of view. To this purpose it is sufficient to choose the
simulation box large only in lateral x ,y directions. We are
not aiming to mimic any specific chemical system, therefore,
all simulations have been performed in dimensionless units
with the shear flow strength and the electric-field strength
being parametrized by ̃̇ ̇h2 /2kTMp , 	̃	 /kTMp, re-
spectively in which p is the volume of the polymer chain
and h is the grid mesh size18,20.
Figures 1a and 1b show snapshots of the simulation
of the diblock copolymer melt after the application of elec-
tric field only. The presence of multiple grains in our simu-
lation is quite remarkable, when compared to experimental
results for an applied electric field only, in which case many
grains are actually found.23 The presence of these grains can
be explained by the electric field having only one preferred
direction, namely, the field direction. While the lamellae are
perfectly oriented parallel to the direction in which the elec-
tric field is applied z axis, there is no force associated with
the electric field, which would be able to rotate different
grains in the lateral x−y plane. The only force present to
promote the formation of one single large grain is due to the
energy cost of grain boundaries, which is not sufficiently
large to reduce the number of grains on the considered time
scales. This is why the application of a stronger electric field
only improves the alignment in the field direction z axis,
but has no effect on the grain structure in the x−y plane
compare Figs. 1a and 1b. This effect is also well pro-
nounced in the Fourier transforms of the patterns, showing
nearly homogeneous rings of the first and second order in
Figs. 2a and 2b. These scattering patterns support our
conclusion based on the visual inspection, suggesting that
there is no preferred in-plane orientation.
FIG. 1. Diagram of the simulation snapshots of the diblock copolymer melt in single and combined external fields all at the same time stages after 4000 time
steps. The considered dimensionless values of 	̃ and ̃̇ are denoted on the axes.
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Rather than a single direction, simple shear has a pre-
ferred plane, namely, the shear plane. Therefore, it
would—in principle—be able to form a single grain. Figures
1c and 1d show snapshots of the simulation of the diblock
copolymer melt after the application of shear flow only. We
investigated two very different values of the shear rate. At a
higher shear rate, the system mostly forms the so-called per-
pendicular lamellae,14,24 similar to earlier results.20 This is
well seen both from visual inspection of the structure shown
in Fig. 1c and the presence of two peaks in the Fourier
transform Fig. 2c. The system is still rich of defects in the
shear gradient-vorticity plane z−y plane, Fig. 1c. In the
FIG. 2. Top: Two-dimensional scattering patterns qx-qy slice at qz=0 of the 3D scattering volumes calculated by the fast Fourier transforms for all simulated
systems at time step 4000. The vertical axis shows the value of the intensity at given positions in the 2D slice. Bottom: Same as top, but now the intensities
are given by a coloring scheme: white, high intensity: black, low intensity.
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reciprocal qz−qy plane we observe even broader peaks not
shown here when compared to the ones in Fig. 2c repre-
senting the qx−qy plane. Although the shear has two pre-
ferred directions flow and shear gradient, they are not
equivalent in their action on the alignment of the microstruc-
ture. Shear forces in the flow direction will obviously destroy
all structures with wave vectors in the flow direction, leading
to an alignment of the lamellae along the flow direction, as
already seen in Fig. 1c. The formation of a single grain in
the shear gradient-vorticity plane occurs due to the combina-
tion of two effects. One is the energy cost of grain bound-
aries, which is the same as in the case of the electric field
only, Figs. 1a and 1b. The same arguments as before
therefore hold, and the associated force is rather low. An-
other effect is due to the preferred orientation of a sheared
lamellar system in the gradient-vorticity plane.14 The latter
effect is associated with a small parameter intrinsic for the
material responsible for the angle coupling.24 It is small as
well. A much lower shear rate value produces a structure
Fig. 1d with a noticeable alignment in the x direction
shear direction, but many differently oriented clusters in
the z−y plane. The Fourier transform of this structure Fig.
2d supports this observation by showing a ring with two
very shallow peaks along the qy axis. The Fourier transforms
in both the qx−qz qy=0 and qy−qz qx=0 planes are very
similar to the ring shown in Fig. 2d, with shallow peaks
along the qz axis figure not shown here. From the theory in
Ref. 24 it is known that low shear rates produce the so-called
parallel lamellae, with the lamellae being parallel to the
shear plane. From a simulation point of view these systems
are hard to simulate, as they require very long shearing and
subsequently, enormous computational effort to get any rea-
sonable and noticeable alignment. Therefore, we limit our-
selves to the result in Fig. 1d, where alignment in the shear
flow direction is already present in both the real and recip-
rocal space images, but, as a whole, the lamellae are a mix-
ture of perpendicular and parallel clusters reflected by the
dark patches in Fig. 1d.
Combining the two external fields in an orthogonal way
can lead to a defect-free microstructure. The results in Figs.
1a–1d suggest that the best result will be achieved if the
electric field will be chosen normal to the shear plane. This
suggestion is confirmed in Figs. 1e–1g. At a high shear
rate the applied flow field promotes perpendicular lamellae
with some remaining defects in the z direction; the electric
field applied in the z direction eliminates these defects. The
higher the electric field the better the overall alignment of the
final structure is one should compare Figs. 1e and 1f.
For lower shear rates we observe a preferred orientation two
peaks in the Fourier transform in Fig. 2g but also many
grains with various orientations in the x−y plane, reflected in
the presence of a ring in the reciprocal qx−qy plane. Never-
theless, application of a shear field with a lower shear rate, in
combination with an applied electric field, gives rise to a
better overall structural orientation than the case of either of
the fields alone, which can be clearly seen from the more
pronounced peaks in Fig. 2g compared to the ones in Fig.
2d only shear and the absence of peaks in Fig. 2b only
electric field. However, the structure is clearly not as perfect
as in Figs. 1e and 1f, where the applied shear field is
stronger. For this relatively high shear rate the peaks in Fou-
rier transform are very sharp. No visible ring is present, Figs.
2e and 2f, indicating an overall tendency for the lamellae
to orient in the preferred shear gradient direction. With in-
creasing electric-field strengths Figs. 2c, 2e and 2f,
secondary peaks in the qy direction are becoming more and
more prominent. The best structure in terms of defect-free
alignment on a larger scale is achieved in Fig. 2f, for a
combination of high shear rate and high electric-field
strength.
The simulation findings are well in line with the recent
experimental findings by Xu et al.10 that three-dimensional
control over lamellar microdomain orientation can be
achieved by using two orthogonal fields. The setup of our
simulation is a bit different from these experiments,10 where
an elongational flow and an electric field have been applied
to the sample sequentially. We have chosen a simpler physi-
cal model, which, however, contains the necessary compo-
nents to explain the effect of orthogonal flow and electric
field. One more difference is that the flow setup in Ref. 10
produced oriented nuclei of parallel lamellae, similar to our
Fig. 1d, although the final and desired orientation was per-
pendicular. The experimental transmission electron micros-
copy TEM images show that some defects still remain in
the sample even after the application of the two orthogonal
fields.10 Our results suggest that preshearing for example, by
oscillatory shear14 with a shear strength that promotes per-
pendicular lamellae20,24 will lead to an accelerated reorienta-
tion and an even less-defected structure at the end.
CONCLUSIONS
Large-scale computer simulations have shown that the
orientation of lamellar microdomains can be controlled in
three dimensions by the use of two orthogonal external
fields. A shear field was applied to a diblock copolymer melt
to control the orientation in the flow direction and an exter-
nal electric field was applied to control the orientation nor-
mal to the shear plane, resulting in an excellent long-range
order and orientation of the lamellar microdomains. The re-
sults present a theoretical explanation of the phenomena ob-
served in recent experiments.10 We suggest that preshearing,
which would promote a perpendicular rather than a parallel
orientation, would lead to an even less-defected final micro-
structure.
After the present work was finished, we learned about
the work by Feng and Ruckenstein.25 In their excellent study
they combined the effect of shear, electric field, and selective
surfaces. They concentrated on the hexagonal cylindrical and
lamellar systems, and used a Landau-Ginzburg Hamiltonian.
Their dynamics was incorporated by a cell dynamics simu-
lation scheme based on Cahn-Hilliard theory. The treatment
of the electric field was adapted from our earlier papers.
The results of both studies support each other. One can
compare Figs. 5b, 7, and 20 in Ref. 25 with the results in
the present work, which both demonstrate the formation of
the perfect 3D ordering in a lamellar system with two or-
thogonal fields applied. However, we remark that our present
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study has an additional value. As was explained by Fredrick-
son in Ref. 24, Landau-Ginzburg Hamiltonian with constant
coefficients does not distinguish between parallel and per-
pendicular lamellar orientations in shear flow. That means
that any lamellar orientation with their normal perpendicular
to the flow direction can be seen in a simulation based on
Landau-Ginzburg Hamiltonian. Indeed, Figs. 3b and 16e
in Ref. 25 show simulation boxes with several lamellar do-
mains of different orientations, which resemble a set of par-
allel and perpendicular lamellae some bended. However,
the work in Ref. 25 uses only a single value for the shear
rate, and our statement would be more rigorous if we had
known their results for different values of the shear rate. This
can be a subject for future work. Contrary to their treatment,
the angle dependency of the coefficients in Landau-Ginzburg
Hamiltonian is automatically taken into account by the self-
consistent theory employed in our study. This theory does
not use Landau-Ginzburg Hamiltonian in calculations, but
such Hamiltonian can be obtained as a limiting case of the
self-consistent field theory in weak segregation. As the im-
portant question is about controlling the 3D orientation, all
effects should be systematically considered. Therefore, the
present paper and the work of Ref. 25 complement each
other and both clarify the physical picture behind the
phenomenon.
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